TRAIL, tumor necrosis factor-related apoptosis-inducing ligand, is a member of the TNF family of proteins. Tumour cells were initially found to have increased sensitivity to TRAIL compared with normal cells, raising hopes that TRAIL would prove useful as an anti-tumor agent. The production of reliable monoclonal antibodies against TRAIL and its receptors that can stain fixed specimens will allow a thorough analysis of their expression on normal and malignant tissues. Here we report the generation of monoclonal antibodies against TRAIL and its four membrane-bound receptors (TR1-4), which have been used to stain a range of normal and malignant cells, as routinely fixed specimens. Low levels of TRAIL expression were found to be limited mostly to smooth muscle in lung and spleen as well as glial cells in the cerebellum and follicular cells in the thyroid. Expression of the TRAIL decoy receptors (TR3 and 4) was not as widespread as indicated by Northern blotting, suggesting that they may be less important for the control of TRAIL cytotoxicity than previously thought. TR1 and TR2 expression increases significantly in a number of malignant tissues, but in some common malignancies their expression was low, or patchy, which may limit the therapeutic role of TRAIL. Taken together, we have a panel of monoclonal antibodies that will allow a better assessment of the normal role of TRAIL and allow assessment of biopsy material, possibly allowing the identification of tumors that may be amenable to TRAIL therapy.
INTRODUCTION
TRAIL is a type II transmembrane protein and a member of the TNF family [1, 2] . Preliminary Northern blotting analyses showed that TRAIL is expressed on a wide range of tissues [2] . TRAIL activates apoptosis through the death receptors TR1 (TRAILR-1, DR4) and TR2 (TRAILR-2, DR5, TRICK2, KILLER), which are members of the TNFR superfamily [3] [4] [5] [6] . TRAIL also binds two other membrane bound receptors, TR3 and TR4, which bear substantial sequence homology in the extracellular domain to TR1 and TR2. TR3 (TRAILR-3, DcR1, LIT, TRID) is a GPI linked protein, while TR4 (TRAILR-4, TRUNDD, DcR2) has an incomplete death domain; both do not trigger apoptosis [6] [7] [8] [9] . Thus, it was proposed that these receptors might serve as 'decoys', competing for TRAIL's binding with the pro-apoptotic molecules, TR1 and TR2. Increased expression of these so-called decoys on normal cells was thought to be the major factor responsible for protecting from TRAIL-induced apoptosis. Besides the above 4 receptors, TRAIL also has a fifth receptor, osteoprotegerin (OPG), which is secreted as a soluble dimer [10, 11] and performs an important decoy function in osteoclastogenesis through binding OPGL/RANKL/ TRANCE. However, studies on TRAIL knockout mice questioned its role as a TRAIL regulator [12, 13] .
In vitro, TRAIL was shown to be able to induce apoptosis in a variety of tumor cells, raising hopes that TRAIL may have therapeutic potential as an anti-cancer agent [1, 2] . It has also been shown that soluble TRAIL and monoclonal antibodies against TR1 and TR2 exert potent anti-tumor activity in vivo without systemic toxicity [14] [15] [16] . Despite the widespread interest in TRAIL and its receptors, there has been no systematic survey of their expression in normal and malignant tissues. Such studies have been limited by the lack of monoclonal antibodies reactive on paraffin sections. In this report we describe a panel of such reagents.
MATERIALS AND METHODS

Monoclonal antibodies
Recombinant proteins were prepared as previously described [6, 17] . Monoclonal antibodies were raised in BALB/c mice against Fcfusion proteins of TRAIL and TR1-4. Initial characterization was performed on unfixed 293T cells (human embryonic kidney cells), transiently expressing TR1-4 and TRAIL. Cells were transfected using calcium phosphate precipitation, harvested after 24 h and then stained with monoclonal antibody (mAb) at a concentration of 5 µg/ ml in PBS/5% FCS for 30 min at 4°C. Following washing they were then counterstained with rabbit anti-mouse PE at a 1/100 dilution (Dako). Cells were analysed on a FACScan (Becton Dickinson). Specificity was confirmed using cells transfected with an irrelevant cDNA expression vector, and each of the TRAIL receptor antibodies was tested for cross-reactivity against the other receptors.
Specificity of the TRAIL monoclonal antibody was also shown by staining soluble TRAIL bound to Jurkat cells, which express high levels of endogenous TR2. Cells were counted and 1 × 10 5 cells were incubated in RPMI at 37°C for 1 h with 400 ng of recombinant soluble TRAIL-Flag (Alexis). The cells were then washed twice and incubated for 1 h with 5 µg/ml of either the TRAIL monoclonal antibody, or monoclonal anti-Flag (Sigma) as a positive control. The cells were then washed again and stained for 1 h with anti-mouseIgG-PE (Dako) at a concentration of 1/100.
Western blot analysis was carried out on cell lysate from transfected 293T cells. The membrane (Hybond-C, Amersham Biosciences) was blocked with PBS containing 5% milk, before applying antibody and washed in PBS containing 0.1% Tween-20. Blots were then incubated with a HRP-conjugated rabbit anti-mouse antibody at a 1/1000 dilution (DAKO), and developed using ECL reagent (Amersham Biosciences).
Immunocytochemical staining
Initial characterisation of the antibodies on fixed cells was performed using 293T cells transfected with control or cDNA expression vectors for TRAIL or its four receptors. Cells were cytocentrifuged onto microscopic slides and fixed in 100% acetone. Alternatively, cells were fixed in 10% buffered formalin, pelleted and embedded in paraffin; 4 µm sections were cut onto silane-coated slides.
Both acetone-fixed and paraffin wax embedded sections were incubated for 30 min with monoclonal antibodies, followed by antimouse HRP conjugate (DAKO). The peroxidase reaction was developed using diaminobenzidine and slides were washed and mounted in aqueous mount (Apathy's, BDH). Tissues were obtained from the Cellular Pathology Department at the John Radcliffe Hospital. Formalin fixed sections and paraffin wax embedded tissues were cut and immunostaining was carried out according a method decribed previously [18] . Sections were stained without pretreatment for antigen retrieval. Endogenous peroxidase activity was blocked with 0.3% hydrogen peroxide in methanol for 30 min and rinsed in PBS/ azide prior to staining. Staining intensity was assessed for both tissue and cellular distribution and a semi-quantitative system was used: -negative; ± equivocal; + weak; ++ moderate; +++ strong and ++++ very strong staining.
Functional assays
Apoptosis was examined using Annexin-V staining of Jurkat cells expressing high levels of endogenous DR5. Cells at a concentration of 5 × 10 5 cells per well of a 96-well plate were treated with 100 ng of recombinant soluble TRAIL-Flag (Alexis), crosslinked with monoclonal anti-Flag (Sigma) at 5 µg/ml and incubated overnight. The cells were then stained with annexin-V-FITC (5 µl/well of cells in annexin-V buffer: 140 mM NaCl, 10 mM Hepes/NaOH pH7.4 and 5 mM CaCl 2 ) the following day and analysed by flow cytometry. Percentage apoptosis was calculated according to the percentage annexin-V positive, using propidium iodide (PI) to gate out necrotic cells.
RESULTS
Characterization of antibodies
A panel of newly generated monoclonal antibodies against TR1-4 and TRAIL were characterised using FACS staining of 293T cells transfected with the appropriate cDNA ( Fig. 1 ). Due to the substantial sequence homology between TRAIL receptors cross-reactivity was checked on all four receptors (data not shown). Specific mAbs against TRAIL, TR1, TR2 and TR4 were obtained (Fig.  1A) . No specific mAb against TR3 was found, but one mAb (anti-TR3/4) cross-reacts with both TR3 and 4 and can be used as a reagent to assess combined decoy receptor expression (Fig. 1B) . A number of lymphocyte cell lines were stained with the antibodies and a representative staining of BJAB (a B cell line), which expresses both TR1 and TR2, is shown (Fig. 1C) . The Jurkat T cell line was found to express TR2 and TR3, while another B cell line, Namalwa, expresses TR2 and some TR1 and TR3 (data not shown).
Antibodies to TR1-4 were positve on Western blots of lysates from 293T cells transfected with the corresponding cDNA expression vectors (Fig. 1D) . The anti-TRAIL mAb tested negative on cell lysates denatured on a Western blot, but was able to recognize soluble TRAIL bound to Jurkat cells (Fig. 1E ). This demonstrates its ability to bind native TRAIL without occluding the receptor-binding surface.
Functional characterization
Next we examined whether the monoclonal antibodies against TRAIL, and TR2 were active in functional assays. First we tested whether the antibody against TR2 could stimulate apoptosis when added to Jurkat cells, which express high levels of TR2. Interestingly, when added alone they did not kill the cells but were able to block apoptosis when TRAIL was added ( Fig. 2A) . However, when the antibody was cross-linked using beads coated with mAb specific for mouse IgG Fc, they were able to potently induce apoptosis. The antibody against TRAIL did not block TRAIL-induced apoptosis, further confirming that this is not an antagonistic antibody (Fig. 2B) .
Normal tissue distribution
To test antibody reactivity on fixed cells, the antibodies were first applied to acetone-(data not shown) or formalin-fixed sections of transfected 293T cells. Analysis of these samples showed strong to moderate surface and cytoplasmic labeling of the antibodies (Fig. 3A-E) . However, 293T cells transfected with either empty vector, or stained with isotype-matched anti-IgG, were negative (data not shown).
Next we stained paraffin embedded sections from a panel of normal tissues. The results are summarized in Tab. 1. TRAIL expression was more restricted than we had expected from Northern blot analyses [2] . Low levels of anti-TRAIL staining could be detected on glial cells in the white matter of the cerebellum (Fig. 3E) and acini in the pancreas (Fig. 3G) . There was also a high level of expression on follicular cells of the thyroid gland (Fig.  3H) where it has already been suggested to play a role in normal apoptotic processes [19, 20] . There was little staining with anti-TR4 and the cross-reactive anti-TR3/4. Weak staining was detected on glial cells in the cerebellum and spinal cord, and a few scattered cells in the tonsil and intestinal stroma. Moderate staining of follicular cells was observed in the thyroid gland (data not shown).
Anti-TR1 and TR2 stained most of the tissues strongly. In connective tissue and the stroma of all tissues, a variable proportion of fibroblasts and other cells were stained. There was consistent staining of smooth muscle in all the tissues with particularly strong staining around blood vessels in many tissues such as spinal cord (Fig. 3L) . Staining was particularly strong on neuronal tissue in the cerebellum (Fig. 3I ) and on hepatocytes (Fig. 3J) . Few epithelial cells were positively stained in the stomach, duodenum and colon (Fig. 3K) , a finding consistent with what had been reported in another study [21] . Anti-TR1 and TR2 also stained cells strongly in the basal layers of the glandular epithelium and there was staining of lymphoid cells in the spleen and tonsil. Interestingly, only a few lymphocytes in the germinal centers were positive, whereas most cells in the marginal zones around germinal centers in the tonsil were strongly stained (Fig. 3M) .
Tumor staining results
Next we examined a panel of common tumors (Tab. 2): breast (n=10), lung (n=12), colon (n=10), primary and metastatic melanoma (n=13) and B-cell lymphomas (n=12). No TRAIL was detected on any of the tumor cells. Weak staining for decoy receptors was detected in 5/13 melanomas (Fig. 4C) and even weaker staining in 1/12 lung cancers, 1/10 breast cancers and 2/10 colon cancers. The staining varied from nuclear to cytoplasmic.
There was up-regulation of TR1 and TR2 on tumor tissue compared with normal tissues (Fig. 4A, B) . Their expression was strongest on melanoma where 10/13 cases were positive with 50-90% of tumor cells stained positively. The staining was both nuclear and cytoplasmic, which mirrored the differential localization of these receptors on melanoma cell lines shown previously using confocal microscopy [22] . There was also a marked increase in TR1 (Fig. 4D ) and TR2 expression on the epithelial cells of the gut. Here 9/10 colon tumors were positive for these receptors, with ~50% of tumor cells stained, although in Staining intensity was assessed for both tissue and cellular distribution. A semi-quantitative system was used: -negative; ± equivocal; + weak; ++ moderate; +++ strong and ++++ very strong staining. The column designated "Number" gives the number of samples examined for each tissue type. some cases staining was patchy with areas showing little or no expression (Fig. 4D) . The entire breast cancer range investigated were either weakly positive or completely negative for both TR1 (Fig. 4E ) and TR2. TR1 and TR2 expression was also increased in lung tumors (Fig. 4F) . Much work on TRAIL receptor expression and signaling has been performed on lymphocyte tumor cell lines. Many of these cell lines express high levels of TRAIL receptors, particularly TR2, and many also express TR1 (Fig. 1C) [23] . We were therefore surprised to find little or no expression of TRAIL receptors on tumors of lymphoid origin (Fig. 4G) .
DISCUSSION
Much of the research into TRAIL and its receptors have been driven by its anti-tumorigenic properties, yet the true physiological role of TRAIL remains unanswered. Despite of being a potent inducer of apoptosis in tumor cells, most normal cells are resistant to TRAIL and it has been postulated that TRAIL has a crucial role in immune surveillance. TRAIL can be up-regulated on NK cells in response to IFNγ and was shown to substantially contribute to tumor surveillance mediated by NK cells [24] [25] [26] . Moreover, TRAIL may also be involved in the anti-tumor effect mediated by cytokines such as IL-12 and IL-15 [24, 26, 27] .
In this study we report the production of reliable monoclonal antibodies against TRAIL and its receptors for routine use on pathological specimens. These have allowed us to study the expression of these proteins in a variety of normal tissues. As suggested from previous Northern blotting analyses, TR1 and TR2 is widely expressed, particularly high in hepatocytes [3, 4, 6, 28] , and their sensitivity to TRAIL in vitro has generated much debate regarding its potential toxicity in therapeutic use [29] . TRAIL is now thought to play a crucial role in hepatic cell death and inflammation [30] , although there has been some suggestion that this sensitivity may be related to the form of TRAIL administered [29, [31] [32] [33] [34] [35] . However, these Staining intensity was assessed for both tissue and cellular distribution. A semi-quantitative system was used: -negative; ± equivocal; + weak; ++ moderate; +++ strong and ++++ very strong staining. The column designated "Number" gives the number of samples examined for each tumor type.
preliminary studies must be treated with caution since a variety of other factors such as concomitant chemotherapy, pre-existing liver disease or conceivably the presence of multiple hepatic metastases, may predispose normal hepatocytes to TRAIL cytotoxicity. Hepatocytes also express high levels of Fas and were found to be sensitive to both FasL and anti-Fas monoclonal antibody [36, 37] . The decoy receptors, TR3 and TR4, were found to be expressed at low levels in a subset of tissues. Although the decoy receptors can be shown to inhibit TRAIL mediated apoptosis in a variety of model systems, studies of tumor cell lines have given mixed results. Some cells expressing decoys were sensitive to TRAIL, and others lacking decoys were resistant [38, 39] . The simple explanation that differential expression of the TRAIL receptors might confer protection was in doubt and despite extensive research there is still no evidence for such 'decoy' activity within a physiological setting. It will be interesting to see future work regarding the true role of these receptors.
Surprisingly, we also found that TRAIL was expressed at relatively high levels in the CNS. This conflicts with previous work showing a lack of TRAIL in the CNS, despite widespread expression of all four of the membranebound receptors [40] . However, TRAIL-mediated cell death has been shown to follow ischemic damage in neurons, which would imply the expression of TRAIL in these cells [41] . TRAIL was also highly expressed in the thyroid. The sensitivity of thymocytes to TRAIL was previously reported by our group [42] , although the role of TRAIL in negative selection has been a subject of some controversy and conflicting results [13, [42] [43] [44] .
Much of the information on the expression and cytotoxicity of TRAIL has come from in vitro studies using tumor cell lines and so it will be useful to gain a clearer understanding of the expression of the TRAIL receptors on a variety of tumors [45] . Our preliminary results on a limited number of samples show that in many cases the expression of the death receptors, TR1 and TR2 have been up-regulated in tumor cells. However, in some common tumors such as breast and lymphoma, the expression is rather low, and in others their expression can only be found in a subset of the malignant cells. Despite this, it appears that tumor cells can be rendered sensitive to TRAIL using combination therapy with pre-existing anti-cancer drugs [46] [47] [48] [49] [50] . It was reported that the expression of TRAIL receptors could be induced by DNA damage under the regulation of p53 [51] [52] [53] .
It will be important to see if such in vitro models of TRAIL sensitivity can be translated to tumors in vivo. One previous study examined the sensitivity of fresh melanoma samples to TRAIL [54] ; the results were disappointing with few of the tumors being sensitive, despite the fact that 10/ 13 melanoma samples expressed TR1 and TR2. The suggested role of TRAIL in tumor surveillance makes it possible that tumors may actively down-regulate TR1 and 2 expression or up-regulate intracellular regulators of apoptosis, such as the caspase inhibitor cFLIP [46, 54, 55] . It will be interesting to examine the sensitivity of fresh ex vivo tumor samples and compare primary and secondary tumor samples, with possible prognostic significance of TRAIL expression. This panel of antibodies will allow rapid characterisation of TRAIL receptor expression on biopsy material in order to identify patients most likely to benefit from therapy targeted to the TRAIL/TRAIL receptor axis.
